Ciliated protists are highly differentiated cells that possess many cilia. Because they are able to duplicate their cell pattern during division, they constitute pertinent models to decipher the mechanisms of cell morphogenesis. All ciliates have developed a conspicuous superficial cytoskeleton, the architecture of which depends upon the taxa (Fleury et al., 1992) . A prominent example of these subsurface cytoskeletons is a submembraneous layer called epiplasm (Fauré-Fremiet, 1962; Peck, 1977) . Cell fractionation has shown that all superficial structures, such as the basal bodies that support the cilia, as well as their associated appendages, are bound to this surface cytoskeleton (Collins et al., 1980) . Because it appears as a permanent structure, this superficial cytoskeleton may act at the cell level as a structural integrator for positioning and anchoring the newly assembled elements during cell division.
One way to understand how the complex cell morphology is achieved is thus to decipher the organisation and the assembly of this superficial cytoskeleton.
The epiplasm appears as a biochemically complex structure, built up with several different families of proteins:
-the articulins, first defined in Euglena (Marrs and Bouck, 1992) ; articulins and articulins-like proteins were later found in ciliates (Pseudomicrothorax, Huttenlauch et quantitatively minor yet uncharacterized components have also been detected (K antigens, Williams et al., 1990) . By contrast, the Paramecium epiplasm proteins, which have also been characterized biochemically (Coffe et al., 1996) , localised (Nahon et al., 1993) and finally identified (Pomel et al, 2006; Damaj et al, 2009) , have no counterparts in other organisms. We will consider these proteins as the epiplasmins sensu stricto.
Out of these three protein families, two, the articulins and the epiplasmins sensu stricto, are characterized by a central domain of repetitive hydrophobic residues flanked with two more divergent terminal domains (Huttenlauch et al., 1998a; Kloetzel et al., 2003; Pomel et al., 2006; Damaj et al., 2009) . In most ciliates analyzed so far, both articulins and epiplasmins were detected in fractions of the superficial cytoskeleton (Huttenlauch et al., 1998b) , but their relative contribution in building the surface cytoskeleton remained unknown. This paper provides the first detailed analysis of the localisation of several epiplasmins within the epiplasm layer in one species, Paramecium tetraurelia.
In this species, the epiplasm is segmented in small regular territories known as units, in the center of which basal bodies are inserted (Jeanmaire et al., 1993) . A multigenic family of 51 proteins organized into 5 groups of phylogenetically related epiplasmins is thought to constitute the main components of the epiplasm (Pomel et al., 2006; Damaj et al., 2009 ).
Proteins of each group are characterized by a combination of conserved motifs arranged in a symmetric (groups 1, 3 and 5), an asymmetric (group 2) or atypic (group 4) configuration (Damaj et al., 2009 ). If functional analyses have shown that symmetric, asymmetric and atypic epiplasmins are required for proper assembly of the epiplasm unit (Pomel et al., 2006; Damaj et al., 2009) , the role of the epiplasmins of different groups in epiplasm building is not understood. Are all these proteins assembled in an isotropic layer to form the units or do they play differential roles in building unit sub-domains?
In this study, we analyzed the localisation and the role of epiplasmins of different groups. The results presented here show that the epiplasmins have a very low turnover and display different localizations in the unit, allowing us to define rim, core, ring and basal body epiplasmins, as well as different timings of deposition, early and/or late, during unit assembly.
According to these criteria, the epiplasmins of different phylogenetic groups and subgroups exhibit a specific combination of properties. The emergent model of unit assembly sheds light on the process of basal body anchoring at the cell surface, as well as on the scaffolding function of the epiplasm layer in cell shaping and structural inheritance.
Results

Organisation and duplication of the epiplasm in interphase and dividing Paramecium.
In Paramecium, the basal bodies and their associated cilia are patterned into antero-posterior curved rows which delimit a central ciliated invagination, the oral apparatus. A sub-surface cytoskeleton, the epiplasm, reinforces the cell surface. The localisation of the epiplasmins has been visualized with the antibodies I4B7 and CTS32, whose specificity has been established by blotting against various cytoskeletal fractions (Jeanmaire et al., 1993; Nahon et al., 1993) .
The CTS32 antibody, which recognizes a subset of epiplasmins (Nahon et al., 1993) , decorates in the interphase cell all the epiplasm units (Fig. 1A) , except their centers where basal bodies are inserted (Fig. 1a) .
Paramecium is a highly asymmetric cell. The duplication of its pattern has been described in great detail (Iftode et al., 1989) . At the local level, the duplication of the units begins with the assembly of one (Fig. 1b) , and then eventually several basal bodies anterior to the parental one (Fig. 1c) , associated with the elongation of the units along the antero-posterior axis, then their scission into two or more units. Finally the assembly of basal bodies restores the specific 5 hal-00840188, version 1 -1 Jul 2013 single or paired basal body pattern of the units. At the whole cell level, these events develop as several waves that invade the cell surface from the equator towards the two poles (Fig. 1B ).
These waves affect differentially different cell areas, so that the combination of these events leads to hyperduplication of some units in the equatorial region, to no duplication at the two cell poles thus called "invariant fields", or duplication of other units (Fig. 1C) . Cell constriction progresses by sliding of equatorial cell territories towards the ventral side, so that the fission furrow will form the ventral sutures (Fig. 1 D, E and F) .
Localisation of GFP-epiplasmins in interphase cells
In order to localize the epiplasmins from the different groups in the interphase cell, we transformed Paramecium cells by microinjection in the macronucleus of plasmids encoding for GFP-epiplasmins of different phylogenetic groups (see Damaj et al., Fig.1 for the phylogeny). When possible, the most expressed representatives of each group were chosen (See Fig. 2 and Supplementary table 1). The cells were cloned immediately after the microinjection. Within a clone, all cells displayed the same fluorescence level and pattern. Several clones with various levels of fluorescence intensity, which correspond to various levels of over-expression, were analyzed for each epiplasmin. Strong over-expression of epiplasmins of families 1, 2, 3b and 5 was damaging for the cells while that of family 3a and 4 was not; abnormal cells of such over-expressing clones were smaller and often stopped dividing within five divisions. Clones of cells unaffected by the expression of the tagged protein were chosen to study the protein localisation.
Two out of the three analyzed atypic GFP-epiplasmins of the group 4 (At4a/Epi11 and At4a/Epi43) were detected around the units on living cells; on double labelled cells, the GFP signal exactly encircled the CTS32 labelling (Fig. 3A) . The third atypic epiplasmin (At4b/Epi40) gave a strong fluorescent cytoplasmic background with no specific signal at the cell surface.
The two asymmetric GFP-epiplasmins of the group 2 (As2a/Ep20 and As2b/Ep38) and the symmetric of the group 1 (S1a/Ep41) displayed a pattern similar to that described with the CTS32 antibody: they localized on the whole surface of the unit both on living cells and after double labelling ( Fig. 3B and C) . No data are available for S1b epiplasmins.
The same localisation on the whole surface of the unit was also observed for the symmetric GFP-epiplasmins of the group 3 (S3b/Ep46 and S3a/Epi30, Fig. 3F ). A clear localisation at the centre of the unit was also detected with the symmetric GFP-epiplasmins of group 3a; this central labelling appears as a ring around the basal body ( Fig. 3D and 3F ).
While expression of the tagged gene resulted in a fluorescent cytoplasmic background for the 1-4 epiplasmin families, many clusters of GFP material, corresponding to over-expressed protein, were detected at all stages of the cell cycle in cells expressing the small symmetric epiplasmin of the group 5 (S5a/Epi51; 3E); this result suggests that this GFP-epiplasmin agglomerate. A GFP signal was detected at the centre of the unit as two or three spots (Fig.   3E ). Double labelling showed that one or two of these spots co-localised with the basal bodies, while the additional spot localized to the anterior right of the basal body (Fig. 3G) . No labelling at all was observed for the GFP-epiplasmin S5b/Ep48.
These results show that, in the interphase cell, different localisations are observed for different epiplasmins within each unit: peripheral, uniform and/or central. It is striking that some GFPepiplasmins also localized in the macronucleus, as observed in all clones for S3a/Epi30 (Fig.   3D ) and in strongly over-expressing clones for As2b/Epi38 and S3b/Epi46 (not shown).
The GFP localisation was analysed at the ultrastructural level by immunogold labelling both by pre-and post embedding. The results confirm the light-microscopical observation ( Fig. 4 ; Table 1 ). A significant labelling was observed on the epiplasm layer while basal bodies were only weakly labelled on cells expressing GFP-asymmetric epiplasmins (As2a/Epi20, As2b/Epi38); the same localisation on the epiplasm layer was observed for the symmetric 3a
epiplasmins, but with a dense labelling at the ring around the basal bodies (S3a/Epi30). The S5a/Ep51 was detected around and inside the basal bodies; in addition, labelling was detected around the parasomal sac (Fig. 4) , an invagination of the external membrane through the epiplasm where endocytosis is supposed to take place (Kurz and Tiedtke, 1993) ; this labelling corresponds to the additional spot observed by immunofluorescence.
Differential localisations of GFP-epiplasmins were thus observed in interphase cells. Atypic epiplasmin 4 clearly localises at the unit periphery and for this reason, will be called rim epiplasmins. Asymmetric 2, symmetric 1 and 3 epiplasmins were detected in the whole unit; they constitute the core epiplasmins. A clear localisation around the basal bodies (ring epiplasmins) and at the basal body (basal body epiplasmins) is detected for the symmetric 3a and 5a epiplasmins.
Localisation of GFP-epiplasmin during cell division.
In order to understand how the different epiplasmins interplay to build the epiplasm unit, we analyzed the behaviour of the different epiplasmins from the beginning of the elongation of the units until the end of the process, both at the whole cell level and at the local level, using as a reference the CTS32 and the anti-glutamylated tubulin ID5 antibodies to label the epiplasm and the basal bodies respectively.
At the very beginning of elongation of the equatorial units, the future fission line is clearly detected within the epiplasm (Fig.1B) ; this line most probably corresponds to the thinning down of the layer. The first changes in GFP-epiplasmin labelling were observed at that stage.
In this equatorial region, the GFP-labelling of the core epiplasmins is less bright (As2a/Epi20, S1a/Epi41 and S3a/Epi30) and/or disappears (As2b/Epi38 and S3b/Epi46) (Fig. 5A and B and Sup mat 1A) . This observation suggests that all the epiplasmins do not accumulate at the same time during the unit elongation: the deposition of S1a, As2a and S3a epiplasmin precedes that of the As2b and S3b ones. We will call them respectively early and late epiplasmins.
The GFP-epiplasmin S3a/Epi30 located at the epiplasmic ring around the basal body remains associated with the parental basal body as the unit elongates, but is fully detected around the new basal body only after unit individualization ( Fig. 5C and Sup mat 1B), a long time after the docking of the new basal body at the cell surface. This result suggests that this ring epiplasmin is not required for basal body anchoring at the cell surface.
The question of the structural integrity of the complex basal body/epiplasm ring can be addressed thanks to the behaviour of the anterior invariant field. In this field, two basal bodies are paired within each unit. It is known that during division, as described previously during conjugation (Romero and Torres, 1993) , the anterior basal body of each pair disappears and a new one is reassembled shortly after at the same place (see Aubusson-Fleury et al. 2012) . We thus examined the permanence of the epiplasmic ring during this replacement. In dividing cells expressing the GFP S3a/Epi30, the two rings remain at the cell surface when the anterior basal body disappears (Sup mat 1C). This observation shows that the permanence of the epiplasm ring within the epiplasm layer does not depend upon the presence of the basal body. equatorial units. This process corresponds to the beginning of the scission of the units leading to their duplication (Sup mat 2C). Accumulation of GFP-At4 epiplasmin at the fission line is clearly detected (Sup mat 2 B and C).
All these data show that epiplasmins display specific behaviours during the complex process of building an epiplasm unit. The core epiplasmins S1a, As2a and S3a are early epiplasmins, added continuously during unit elongation; core As2b and S3b accumulate later, after the scission of the units. The epiplasmins which constitute the epiplasmic ring and/or located at the basal body, S3a/Epi30 and S5a/Epi51, remain associated with the parental basal body and are detected in association with new basal bodies after the full assembly of the unit. Finally, At4a epiplasmins remain around the unit during the whole process of unit duplication and separate the unit into two parts soon after basal body assembly; by contrast, At4b/Epi40 is detected only during the cell division.
Dynamic of GFP-epiplasmin disappearance during unit morphogenesis.
Because cells stop expressing microinjected transgenes after autogamy (see material and methods), it is possible to observe the turn-over of the proteins by following the disappearance of the GFP tag in post-autogamous cells. The behaviour of representatives of core and ring GFP-tagged epiplasmins was followed during the two first divisions after autogamy.
During division, invariant units asymmetrically distribute between the two daughter cells: the anterior field remains in the anterior cell and the posterior one in the posterior cell. It is thus possible to trace the cell and units lineage during at least the first two divisions after autogamy.
After autogamy, the GFP core epiplasmins of the parental invariant fields are retained in the cell progeny (S1a/Epi41 (Fig.5A ), S3b/Epi46 and As2a/Epi20 (not shown)). The turnover of these GFP-epiplasmins in non proliferative units is thus very low. By contrast, these GFP epiplasmins became asymmetrically distributed between the anterior and the posterior units as they divide (S1a/Epi41 and S3b/Epi46 ( Unexpectedly, in this context of cessation of GFP expression, the GFP-S3b/Epi46, which was classified as a core epiplasmin in the interphase and dividing cell, appears also clearly localised in the ring (Fig. 6C ), like its sister-group epiplasmin S3a/Epi30. The fact that it was not observed there in stably GFP-expressing cells probably results from the difficulty to detect the ring in a strongly fluorescent unit. Accordingly, careful examination of the GFPS3b/Epi46 dividing cells shows that the ring can be faintly detected during division of GFP expressing clones (not shown).
Finally, in the anterior invariant field of anterior division products of post-autogamous dividers, where the anterior basal body has been replaced in a context of cessation of GFP expression, the GFP S3a/Epi30, and GFP S3b/Epi46 were detected only in the ring associated with the posterior basal body. In GFP S3b/Epi46 post-autogamous cells, a hole was detected in the core GFP epiplasmin of the unit in place of the anterior basal body (Fig. 6C ). This observation demonstrates that GFP S3b/Epi46 ring epiplasmin is replaced at the time of basal body replacement while the core one has been retained: the two structures, core epiplasm of the unit layer and epiplasmic basal body ring, both display a specific turnover of their constitutive GFP epiplasmins during the same period of time.
Effect of epiplasmin depletion and overexpression.
In order to look for the role of different epiplasmins in the process of unit building, we performed epiplasmin depletion by feeding. In addition, data were obtained from abnormal phenotypes observed in cells expressing GFP-tagged epiplasmins. These abnormalities were probably related to over-expression because their occurrence correlated with the fluorescence intensity.
As shown in a previous paper (Damaj et al., 2009) , depletion of core epiplasmins of the families 1 (S1a/Epi41) and 2 (As2a/Epi2) induced aborted division resulting in characteristic phenotypes in 24 to 48 hours. At the local level, each of these two depletions impaired the unit morphology in a specific way: many small abnormal units were observed after As2a/Epi2 depletion, while, after S1a/Epi41 depletion, agglomerates of CTS32 positive material were detected between the antero-posterior rows of units. Additional results obtained in this study with genes encoding other epiplasmins of these groups (see Fig. 2 and Supplementary table 1 for a summary) gave the same results. Accordingly, strong over-expressions of these GFP core epiplasmins also impaired cell morphology and morphogenesis: in clones exhibiting a strong fluorescence, cells with abnormal shapes and cortical units were observed. Such clones stopped dividing after 3-4 divisions (As2a/Epi20: 23/30 clones; As2b/Epi38: 15/23 clones; S1a/Epi41: 10/16 clones).
Among three epiplasmin depletions of the S3 family tested, only one, S3b/Epi46, gave a faint non reproducible phenotype at the whole cell level similar to phenotypes obtained after depletion of symmetric 1 epiplasmin; no clear phenotype was observed at the unit level. This result suggests that ring epiplasmins may be dispensable for unit building and basal body anchoring. Accordingly, strong overexpression of GFP S3b/Epi46 (4/9 clones), but not of GFP S3a/Epi30 (0/28 clones), was damaging for the cells which stopped dividing after two or three divisions.
In the S5 family, the depletion of epiplasmins of each family, S5/Epi48 and S5/Epi51, as well as double depletion did not yield any phenotype at the light-microscopic level. At the ultrastructural level, abnormalities in the morphology of the parasomal sacs and of basal body transition zone were observed (Fig. 7) : the epiplasm ring was not detectable, but the basal bodies were correctly anchored. By contrast, over-expression of the GFP S5/Epi51 strongly impaired cell growth and morphology: abnormal small cells were observed and the cells stopped dividing after a few divisions (22/26 clones).
Finally, depletion of At4a/Epi11 yielded a faint phenotype at the cell level: some cells moved slowly as compared to the control. In these cells, the immunofluorescence with CTS32
showed partially fused units indicating that these units have not completely separated during the division. By contrast, no phenotype was observed after depletion of At4a/Epi43 and At4b/Epi40 (At4a/Epi11: 13 clones; At4a/Epi43: 9 clones; At4b/Epi40: 7 clones analysed; not shown).
Altogether, these results highlight the different roles of the different epiplasmins: both symmetric and asymmetric core epiplasmins are necessary to build a unit. Rim epiplasmins are required for correct unit scission. Ring and basal body epiplasmins do not seem to be absolutely required for basal body anchoring, at least in standard conditions of growth. By contrast, overexpression of S5a/Epi51 tagged protein strongly interferes with cell morphology, showing that an altered protein may be more damaging for the cell than its depletion. The phylogeny of the epiplasmins defined 5 groups, each subdivided into two sub-groups, a and b (Damaj et al., 2009 ). The five groups of genes encode five sets of epiplasmins, each characterized by a specific protein design: large (group1), intermediate (group 3) and small (group 5) symmetric epiplasmins, asymmetric ones (group 2) and atypic ones (group 4). Each group is subdivided into two subgroups of high and low expression level (Damaj et al., 2009 ).
Discussion
In order to understand the role of this multiplicity of proteins in building the epiplasm, we localized representatives of each group by GFP tagging in the interphase cell, followed their behaviour during cell division, and analysed the consequence of their depletion and overexpression on epiplasm assembly. The results show that epiplasmins of each subgroup have a specific role. We will summarize these properties, and then propose a model of unit building,
and finally discuss what these results bring to our knowledge of basal body anchorage and cellular morphogenesis.
Paramecium epiplasmins of different groups exhibit non redundant properties.
In Paramecium, the epiplasm is segmented in units, in the center of which basal bodies are inserted (Allen, 1971; Nahon et al., 1993) . The localisation of GFP-epiplasmins in the interphase cell allows us to reveal four different localisations allowing us to define several epiplasmin types: (i) the rim epiplasmins, located at the unit periphery; (ii) the core epiplasmins, located over the whole unit except at its center where basal body is located; (iii) the ring epiplasmins located around the basal body and (iv) the basal body epiplasmins located at the basal body. During cell division, new epiplasm units are built up by elongation and then scission of the parental unit after docking at the cell surface of newly assembled basal bodies. The behaviour of the GFP epiplasmins during division allows defining early versus late epiplasmins according to the time of detection during the elongation of the unit.
According to these criteria, localisation and behaviour, the epiplasmins of different groups display a specific set of properties ( Fig. 8 and Table 2 ).
To what extent are these results also true for other members of the groups? Firstly, epiplasmins of one group all display the same specific molecular design, and may thus have similar functions. Secondly, the epiplasmins of two sister subgroups have the same localisation, thus suggesting that there is a correlation between the localisation and the phylogenetic affiliation to one group. Finally, depletion of epiplasmins within a group results in identical phenotypes specific for the group, thus suggesting that epiplasmins of one group have the same function. Taken together, these observations suggest that the results obtained here for one or two representatives of each subgroup may be extended to the whole group.
Epiplasm unit assembly and structural heredity.
The epiplasm layer is a permanent structure thought to ensure cell shaping and to act as a scaffold for anchoring many cytoskeletal elements, such as basal bodies and associated appendages (Peck, 1977; Williams et al., 1979; Collins et al., 1980) . Cell shaping during division correlates with epiplasm unit assembly; depletion of epiplasmin proteins have shown that indeed, unit malformations correlate with abnormal cell morphology (Damaj et al., 2009) .
In this study, we show that, in the interphase cell, there is no turnover of GFP-epiplasmins.
This result provides for the first time a strong argument in favour of the permanence of the epiplasm. In addition, the GFP-turn over observed during unit reproduction in GFPexpressing cells and/or after cessation of GFP expression allows us to propose a model for unit replication during cell division as following.
During cell division, the elongation of the parental unit correlates spatially and temporally with basal body assembly (Iftode et al., 1989) : only units where basal body assembly has taken place elongate. For this reason, it has been suggested that the basal body could be the morphogenetic center of the unit (Iftode et al., 1989) . Accordingly, detection of transversal rim epiplasmins close and posterior to the anterior new basal body marks the beginning of new unit individualisation.
Phosphorylation of the cytoskeleton correlates with its dynamics (Omary et al., 2006; Keryer et al., 1987 , Sperling et al. 1991 . As already discussed elsewhere (Damaj et al., 2009 ), since elongation is impaired by the serine-threonine-kinase inhibitor 6-DMAP (Kacszanowska et al., 1996) , elongation of the units could be related to the phosphorylation status of the epiplasmins, which have a conserved potential serine-threonine-kinase site. We show here that the unit elongation is an antero-posterior asymmetric process: there is no turnover of epiplasmins in the posterior part of the unit, where the parental basal body is inserted, as well as no turn over of ring epiplasmins. By contrast, the anterior part of the unit, where new basal bodies anchor, is completely remodelled. This spatial asymmetry in epiplasmin turnover, which generates a scaffold for parental structures as new ones assemble, provides a basis for structural heredity during unit duplication.
Role of the epiplasm in basal body docking and orientation
The symmetric 3 and 5 epiplasmins are located at the distal part of the basal body, at the terminal plate of the transition zone and the epiplasm ring respectively. These ring and basal body epiplasmins are detected in association with new basal bodies a lag time after their assembly when epiplasm units have been fully individualized. Whether or not this observation reflects a limitation in the GFP-detection, it demonstrates that a fully assembled ring is not required for basal body anchoring to the cell surface. This result strongly suggests that basal body anchoring is a two-step process. In a first step, the basal body is linked to the cell surface; this event has been shown to require evolutionary conserved centrosomal proteins (Aubusson-Fleury et al., 2012) . In a second step, the basal bodies could be locked on the subsurface cytoskeleton by additional links, like epiplasm rings; this event would result in fixing the definitive rotational orientation of the basal bodies at the end of cortical morphogenesis.
This result sheds new light on the issue of basal body/ciliary rotational orientation. In Paramecium units, the orientation of the newly assembled basal body is driven by that of the parental one, a long known phenomenon described as structural inheritance (Beisson and Sonneborn, 1965) . Ultrastructural data have given strong arguments for a cytoskeletal basis for this phenomenon (Iftode and Fleury-Aubusson, 2003) . Results presented here in Paramecium provide a first example of multistep cytoskeletal interactions between the nascent basal body and the subsurface cytoskeleton. If the hypothesis that the epiplasm ring plays a role in basal body locking is true, basal bodies whose relative orientation with respect to the cell polarity would be subject to change will lack this structure. Observation of basal bodies of the anarchic field in Paramecium interphase cells suggests that it is the case: these basal bodies, which will be reoriented during the next division to initiate the assembly of the new oral apparatus (Iftode et al., 1997) indeed lack the epiplasm ring (not shown).
In multi-ciliated epithelia, the cell polarity and final orientation of the cilia within one cell are driven by successive mechanisms (Mitchell et al., 2007; Vladar and Axelrod, 2012; Vladar et al., 2012; Werner and Mitchell, 2012) : while the cell polarity in reference to the tissue is given by asymmetric localisation of proteins of the PCP pathway, the refinement of basal body rotational orientation is driven by microtubules after their docking at the cell surface.
But up to now, the mechanisms of locking up this final orientation only began to be questioned (Vladar et al., 2012) . Results obtained in this study suggest that such specific mechanisms of basal body locking indeed exist and could be relayed by the superficial cytoskeleton.
Subsurface cytoskeleton and evolutionary diversification.
All ciliates posses a submembrane cytoskeleton; depending upon the taxa, this cytoskeleton is built up according to different cytoskeletal strategies (Fleury et al., 1992) , indicating that the cytoskeletal organization correlates with the phylogeny. Similarly, depending upon the taxa, the epiplasm layer occurs either as a continuous structure, where local differentiations are associated with the basal bodies, as for example in Tetrahymena (Williams et al., 1987; Williams, et al., 1995) , or as a structure segmented in units where basal bodies are inserted as in Paramecium (Dippell, 1968) . In both cases, a local differentiation, the dense collar (Allen, 1969) or pellicular ring in Tetrahymena (Allen, 1969; Collins et al., 1980) 
Material and Methods
Strains and culture conditions. Stock d4-2 of Paramecium tetraurelia, was used in RNAi experiments and the mutant nd7-1 (Skouri and Cohen, 1997) which carries a recessive monogenic mutation preventing trichocyst discharge, was used for transformation. Cells were grown at 27°C in a wheat grass infusion, BHB (L'arbre de vie, Luçay Le Male, France), bacterised with Klebsiella pneumoniae and supplemented with 0.8 μg/ml β-sitosterol according to standard procedures (Sonneborn, 1970) .
Antibodies. The following antibodies were used: the monoclonal anti-glutamylated tubulin ID5 (Wehland and Weber, 1987) diluted 1:500 to label basal bodies; the monoclonal CTS32 diluted 1/10 directed against epiplasmins (Nahon et al., 1993) to decorate the epiplasm, and the polyclonal anti-GFP antibody (Interchim, Montluçon, France) diluted 1/1000 to amplify the GFP signal. Appropriate secondary (mouse or rabbit) antibodies from Jackson ImmunoResearch labs (West Grove, PA) Alexa 488 or Alexa 568 were used at a dilution of 1:500.
Gene cloning. For expression of the GFP-tagged proteins, the entire genes coding for epiplasmins of different subgroups (Supplementary table 1) were amplified from genomic DNA by PCR, using primers (5'-GCGGCGACTAGTATGxxxx-3') for the N-term side and (5'-GCGGCGCTCGAGxxxx-3') for the C-term. The PCR fragments were then digested with SpeI and XhoI and ligated in the vector pPXV-GFP (Hauser et al, 2000) digested with the same enzymes. After cloning, the genes were entirely sequenced to ensure that no error was introduced during the amplification. For silencing, the entire genes were cloned into the XhoI and HindIII site of the L4440 vector. This vector allows the synthesis of double-stranded RNA corresponding to the cloned gene from two T7 promoters. The off-target effects of these sequences were analyzed (Supplementary table 2) . 
Study of transformed clones
The cells were cloned immediately after micro-injection. The clones were first screened for their ability to discharge their trichocysts and if so, further analyzed. The localisation of the GFP protein was observed by epifluorescence first on living cells, then on fixed and extracted cells and/or cells labelled for immunofluorescence observations. In order to look at the GFP epiplasmin turnover, microinjected cells were grown for 20-25 divisions and then kept at the plateau phase until they entered autogamy. During this uniparental sexual process, the cell replaces its macronucleus, where GFP-tagged genes were mincroinjected, by a new wild type one which forms from a copy of the micronucleus and thus looses the GFP-tagged microinjected sequence. Cells were then kept at 18°C for one week, the time necessary for the complete degradation of old macronuclear fragments. After the disappearance of all old macronuclear fragments, the ex-autogamous cells, which stopped producing the GFP tagged protein, were grown at room temperature and processed for immunofluorescence during or after the first and then the second division to follow the disappearance of the GFP tagged version of the proteins.
Gene silencing. Gene silencing was performed by the feeding method as previously described (Galvani and Sperling, 2002) . Stationary wild-type cells were fed with the appropriate doublestranded-RNA-expressing HT115 bacteria and transferred daily into fresh feeding medium as needed. Control cells were fed with bacteria transformed by the L4440 plasmid and the L4440 plasmid carrying the complete coding region of the ND7 gene.
Phenotypic effects were analyzed first on living cells, and then by immunofluorescence on cells labelled with the CTS32 and/or the ID5 antibodies, and/or by electron microscopy.
Immunofluorescence. For living observations, the cells were embedded in 2% methyl cellulose (3000-5000 viscosity) Dryl solution, and observed by epifluorescence. GFP was also analysed on cells fixed (2% paraformadehyde for 10 min, then rinsed in PBS supplemented with BSA and 2μg/ml Hoechst 33258 for nuclear staining). Alternatively, the cells were also permeabilized by Triton X100 in PHEM buffer before fixation. Immuno-staining of cells was carried out as previously described (Aubusson-Fleury et al., 2012) . Cells were observed under a Zeiss Axiophot fluorescence microscope equipped with a Spot Insight SE camera. Alternatively, they were observed with a Confocal Nikon eclipse TE 2000-U microscope equipped with Argon and Helium-Neon lasers using the EZ-C1 3.30 software for acquisitions.
Unless specified, images are projections of optical sections acquired at the level of one cell side. Projections were obtained using ImageJ (NIH) and images were annotated with Photoshop CS2 (Adobe).
Electron microscopy: For ultrastructural observations, the depleted and control cells were processed as described previously (Aubusson-Fleury et al., 2012) . Both pre-embedding and postembedding protocols were used. For pre-embedding immunolocalization, the immunostaining process was carried out as described for immunofluorescence using a gold-coupled instead of fluorochrome-coupled secondary antibody. Then cells were rinsed, fixed and embedded as previously described. For post-embedding immunolocalization, cells were fixed in 3% paraformaldehyde, 0.15% glutaraldehyde, in 0.05 M cacodylate buffer, pH 7.4 at 4 °C for 1 h.
After washes and dehydration in ethanol, they were embedded in LR White (London Resin).
Thin sections were collected on nickel grids and treated with 0.1 M NH4Cl in 0.1 M PBS and then saturated with 3% BSA and 0.1M glycine in PBS. Sections were incubated with anti-GFP polyclonal antibody at room temperature for 45 mn. After several washes in PBS a gold labelled anti-rabbit IgG (GAR G10, Aurion) diluted 1/50 was applied for 30 mn. The grids were rinsed in PBS and distilled water, and finally stained with uranyl acetate. The sections were examined with Jeol 1400 (120kV) or Philips CM10 transmission electron microscopes. Asymmetric 2 (As2a/Epi20) and Symmetric 1 (S1a/Epi41): The GFP signal is detected on the whole surface of the epiplasm units on living cells (B and C). Inserts: Symmetric 1 GFPepiplasmin exactly colocalizes with CTS32 labeling (C1 and C2). Asymmetric 2 GFPepiplasmin gave a less reproducible colocalization with the CTS32 labeling, most probably because of problems of accessibility of the CTS32 antibody to its target; on the image presented here, this GFP signal seems stronger in the center of the unit than at its periphery (B1 and B2). (Fig. 3) . F: Dividing cell expressing the atypic 4a epiplasmin At4a/Epi11 (green). The GFP labelling is less intense in the equatorial region (F). This slow down corresponds to duplicating units which are encircled with a thinner rim than non proliferative ones (F1). The asymmetric 2 epiplasmins are core epiplasmins. The As2a/Epi20 is an early epiplasmin, while As2b/Epi38 is a late one. The large symmetric 1 epiplasmin S1a/Epi41 is an early core epiplasmin. Unfortunately, no data is available for the symmetric 1b group, because of methodological limitations. The intermediate symmetric 3 epiplasmins are both ring and core epiplasmins. The core fraction of the subgroup a, S3a/Epi30, is an early epiplasmin, while that of the subgroup b, S3b/Epi46, is a late one. In both groups, the ring epiplasmins are late ones.
The atypic 4 epiplasmins are rim epiplasmins. The At4b/Epi40 of the subgroup b is detected only during division, while the At4a/Epi11 and At4a/Epi43 of the subgroup a are detected all along the cell cycle. The small symmetric 5 epiplasmin S5/Epi51 is a late basal body epiplasmin, also detected at the parasomal sac. 
Labelling localisation
